The pattern of endogenous insulin secretion over a 24-h period, which included three mixed meals, was evaluated in 14 normal volunteers and 15 obese subjects. Insulin secretory rates were calculated from plasma C-peptide levels using individually derived C-peptide kinetic parameters and a validated open two-compartment model of peripheral C-peptide kinetics. Insulin secretion rates were consistently elevated in the obese subjects under basal conditions (11.6 +/-1.2 vs. 5.4 +/-0.5 nmol/h) and in the 4 h after breakfast (139 +/-15 vs. 63 +/-5 nmol/4 h, P less than 0.001), lunch (152 +/-16 vs. 67 +/-5 nmol/4 h, P less than 0.001), and dinner (145 +/-18 vs. 65 +/-6 nmol/4 h, P less than 0.001). In the normal subjects, basal insulin secretion represented 50 +/-2.1% of total 24-h insulin production, insulin secretion returned to baseline between meals, and equal quantities of insulin were secreted in the 4 h after breakfast, lunch, and dinner, despite the fact that subjects consumed half the number of calories at breakfast compared to lunch and dinner. Overall glucose responses were also similar after the three meals. In contrast, the pattern of insulin secretion in obese subjects was largely normal, albeit set at a higher level. However, the insulin secretion rate after meals did not return to baseline, and the […] Research Article
Introduction
In recent years, a procedure that allows insulin secretion rates to be estimated from peripheral C-peptide concentrations, using a 2-compartment mathematical model for C-peptide distribution and metabolism, has been developed and validated (1) (2) (3) . This approach, termed "deconvolution," provides a unique tool for investigating the dynamics of insulin secretion under non-steady state conditions. Indeed, the normal pattern of insulin secretion during ingestion of a mixed diet has not yet been defined. The possible existence of alterations of this pattern in obesity and other pathological states remains to be investigated.
In the present study, the application of deconvolution, together with rapid blood sampling, provided the first detailed description of the 24-h pattern of pancreatic insulin secretion during ingestion of a mixed diet in normal and obese subjects.
Methods

Subjects
Studies were performed in the 15 obese subjects and 14 age-and sex-matched volunteers whose demographic data are presented in detail in the companion manuscript (4) .
Experimental protocols
The data to be described in the present manuscript represent an analysis performed on the insulin, C-peptide, and glucose concentrations and insulin secretion rates measured at frequent intervals during a 24-h period. After a 10-h overnight fast, samples for insulin, C-peptide, and glucose were drawn at 1 5-30-min intervals for a total of24 h beginning at 0600. During the course of the investigation, subjects consumed a standard diet of 30 cal/kg, comprised of 50% carbohydrate, 15% protein, and 35% fat. 20% oftotal calories were eaten at breakfast and 40% with lunch and dinner, respectively. The three meals were consumed at 0900, 1300, and 1800 and subjects were required to complete the meal within 30 min. Details of the sampling techniques and assay procedures have been described previously and are provided in the companion manuscript and elsewhere (4) (5) (6) .
Data analysis
For each subject, the insulin secretion rate during each sampling interval was derived from the profile of plasma C-peptide levels as previously described (1, 2) .
as the mean of the corresponding values obtained between 0600 and 0900, i.e., during the 3-h interval preceding breakfast. The basal, i.e., non-meal stimulated, insulin secretion over the 24-h span was deduced by extrapolating the basal secretory rate over the 24-h period.
Calculation of24-h insulin secretion and postmeal responses. The total amount of insulin secreted over the 24-h span was estimated as the area under the 24-h profile of secretory rates. The total amount of insulin secreted after each meal was calculated as the area under the 4-h interval after meal ingestion. To evaluate possible differences in the dynamics of insulin secretion after breakfast, lunch, and dinner, respectively, the area under the curve was also calculated for each hour after the meal.
The glucose response to each meal was similarly calculated as the area under the curve during the 4-h interval after meal time. The dynamics of the postmeal glucose response were also estimated by calculating the area under the glucose curve for each hour after meal time.
Pulse analysis ofplasma profiles ofC-peptide, insulin, and glucose. Each individual 24-h profile of plasma insulin, glucose, and C-peptide was analyzed using ULTRA, an algorithm for pulse identification that has been applied to the analysis of episodic secretion in a number of hormonal systems (7) (8) (9) (10) (11) (12) . The general principle ofthe algorithm is the elimination of all peaks of plasma concentration for which either the increment (difference between the peak value and the preceding nadir) or the decrement (difference between the peak value and the next nadir) does not exceed a certain threshold related to measurement error. The peaks that do not meet these threshold criteria are eliminated from the data set using an iterative process, leaving a "clean" series in which all remaining peaks are assumed to represent significant pulses.
Measurement error in determining the concentration of a blood constituent is primarily determined by the precision of the assay involved. In the present study, the intraassay coefficient of variation for both the insulin and C-peptide assays was 4%, and the intraassay coefficient of variation of the glucose measurements was 3%. The threshold was set at twice the measurement error, i.e., 8% for insulin and C-peptide and 6% for glucose.
Each pulse in the clean series was characterized in terms of total duration, duration of the ascending and declining limbs, and absolute increment (difference between level at the peak and level at the preceding trough). The clean, rather than original, C-peptide series were used to calculate the insulin secretory rates to avoid amplification of noise involved in the deconvolution process.
Pulse analysis ofthe 24-h profiles ofinsulin secretory rates. Peaks of insulin secretory rates were considered as true secretory pulses if they met at least one of the following conditions:
(a) Both the increment and the decrement exceeded, in relative terms, 12%, i.e., three times the measurement error for C-peptide, a conservative threshold selected to exclude possible noise. This criterion for the significance ofindividual pulses is based on the assumption that pulses of relative amplitude greater than the above levels could not have been due to random variations related to measurement errors.
(b) The maximum level of the pulse occurred within 15 min of the maximum level of a peak in either serum insulin or glucose concentrations. Since C-peptide and insulin are co-secreted in equal concentration from the beta cell, the concomitance of peaks of secretory rate with peaks ofserum insulin and/or plasma glucose provided physiological evidence that the increase in secretion represented a true secretory pulse.
Statistical tests. The significance ofgroup differences was evaluated by the t test for unpaired data. Where appropriate, multiple variables were compared by multivariate analysis of variance. The temporal distribution of pulses was compared in the two groups by frequency table analysis. The statistical significance of differences was evaluated at the 5% level. Unless otherwise stated all group data are expressed as mean±SEM.
Results
Insulin, C-peptide, and glucose concentrations
The mean profiles of plasma insulin, C-peptide, and glucose measured over the 24-h period on a mixed diet are shown in Fig. 1 . On the average, glucose concentrations were not significantly different in the obese subjects (obese vs. normals, 108.0±1.8 vs. 109.9±1.9 mg/dl, P < 0.5). Insulin (24.1±2.1 vs. 62.9±10.7 uU/ml, P < 0.003) and C-peptide concentrations (0.91±0.09 vs. 1.58±1.07 pmol/ml, P < 0.001) were significantly greater in the obese group.
Patterns ofpostmeal glucose responses. The postmeal glu- cose responses were compared and the total areas under the glucose curves during the 4-h period after meal time were found to be similar for breakfast, lunch, and dinner in normal subjects. In contrast, in obese patients, the postmeal glucose response was significantly smaller after lunch than after breakfast (3,852±759 ug/dl per min after lunch vs. 5,892±601
,ug/dl per min after breakfast, P < 0.03). The magnitude of the postdinner response was intermediate between that of the postbreakfast and the postlunch response, without differing significantly from either. The temporal pattern of meal-induced glucose elevations was investigated by calculating the area under the glucose curve above the premeal level before and for each hour after breakfast, lunch, and dinner for a total of 4 h after each meal. In normal volunteers, the dynamics of the glucose response appeared to parallel those of insulin secretion in that the response after dinner was more prolonged than after breakfast and lunch. Indeed, after breakfast, the glucose increment in the 2 h after meal time corresponded to 79.2±2.5% of the 4-h response, while after lunch and dinner, these percentages fell to 74.0±3.5 and 62.6±2.8%. The differences between dinner and breakfast (P < 0.001) and dinner and lunch were statistically significant (P < 0.02). In contrast, in obese subjects, differences in postmeal glucose dynamics between breakfast, lunch, and dinner did not reach statistical significance. In the obese subjects, the ratio of the area under the glucose curve to the area under the insulin secretory rate curve was -50% of the mean ratio calculated in normal subjects, a result consistent with the well-known insulin resistance in obesity.
Estimation of basal and meal-stimulated insulin secretion rates. The mean profiles of insulin secretory rates for normal and obese subjects are shown in the upper panel of Fig. 2 . Insulin secretion rates were elevated in the obese group both under basal fasting conditions (94.9±10.8 vs. 189.0±19.9 pmol/min, P < 0.001) and in response to meals. When the basal insulin secretion rate was extrapolated over a 24-h period and expressed as a percentage of the total 24-h insulin secretion, basal secretion represented 50.1±3.1% of the total 24-h insulin secretion in normal subjects and 45.2±2.2% in obese patients (P < 0.2). The relationship between basal and mealstimulated insulin secretion was explored by expressing, in each individual, the insulin secretion rate at each sampling time as a percentage of the basal insulin secretion rate. The results of this analysis are in the lower panel of Fig. 2 . When the secretion rate is expressed as a function of basal secretion, the curves for the normal and obese subjects are virtually superimposable, except that insulin secretion fails to return to baseline between meals in the obese subjects. Thus, immediately preceding ingestion of the breakfast, lunch, and dinner meals, insulin secretion rates were 100.3±11.5, 94.1±13.4, and 118.4±15.6 pmol/min in the normal subjects. In contrast, in the obese, the insulin secretion rates immediately before lunch (350.5±81.9 pmol/min) and dinner (373.6±64.8 pmol/ min) were significantly higher than the secretion rate immediately before breakfast (175.5±18.5 pmol/min, P < 0.05).
Although subjects consumed 20% of total calories with breakfast and 40% with lunch and dinner, respectively, similar quantities of insulin were secreted in response to each of the three meals (Fig. 2) . Indeed, the normal subjects secreted 63.1±5.0, 67.5±4.7, and 64.7±5.9 nmol insulin in the 4 h immediately after breakfast, lunch, and dinner, respectively.
Corresponding values in the obese subjects were 138.3±14.9, 06'00 CLOCK TIME (HRS) Figure 2 . Mean 24-h profiles of insulin secretion rates in the normal and obese subjects (top). The hatched areas represent ± 1 standard error of the mean. The curves in the lower panel were derived by dividing the insulin secretion rate measured in each subject by the basal secretion rate derived in the same subject. Mean data for the normal (--) and obese ( ) subjects are shown.
152.2±16.3, and 145.2±18.1 nmol. The total amount of insulin secreted after each ofthe meals did not differ in either ofthe two groups, although meal responses were significantly greater than normal in the obese subjects.
Patterns ofpostmeal insulin secretion rates. The pattern of insulin secretion in response to meals was further investigated by calculating the amount of insulin secreted in the hour before and in each hour after breakfast, lunch, and dinner for a duration of4 h. After breakfast, in normal subjects, 71.6±1.6% of the total 4-h secretory response to breakfast was released in the first 2 h after the meal, and 28.4±1.6% was secreted in the 3rd and 4th hours. In response to lunch and dinner, insulin secretion did not fall as rapidly as it did after breakfast. Thus, in the first 2 h after each of these meals 62.8±1.6 and 59.6±1.4% of the 4-h insulin secretory response was produced, with 37.2±1.6 and 40.4±1.4% in the 3rd and 4th hours, re-spectively. The differences between breakfast and both lunch and dinner were statistically significant (P < 0.0001) Thus, insulin secretion fell more rapidly after breakfast than after lunch or dinner. The observed difference in secretory dynamics, however, may be related to the fact that the breakfast meal was smaller than the other two meals, although it should be noted that the total insulin secretory response was similar to that of lunch and dinner.
The obese subjects also secreted more insulin in the 1st and 2nd than in the 3rd and 4th hours after each meal, but insulin secretion did not fall more rapidly after breakfast than lunch and dinner in these subjects. Indeed, in the first 2 h after breakfast, lunch, and dinner, the obese subjects produced 62.8+2.5, 59.0+ 1.2, and 57.2±0.9% of the 4-h meal secretory response.
Identification and analysis ofinsulin secretory pulses. Representative 24-h profiles of insulin secretion from two normal and two obese subjects are shown in Fig. 3 . The pulsatile nature of insulin secretion in response to the meals as well as during overnight sampling is visually apparent. Due to individual differences in the precise timing ofthe pulses, pulses are not seen in the mean profiles shown for each group in Fig. 2 .
Each 24-h profile was submitted to formal pulse analysis to identify the statistically significant pulses of insulin secretion. Fig. 4 summarizes, for each group, the temporal distribution and mean increment of pulses identified in the 4-h interval between breakfast and lunch, in the 5-h interval between lunch and dinner, and in the 5-h interval immediately after dinner. Pulses were classified according to their times of occurrence after meal presentation. In the diagrams shown in Fig. 4 , the width of the vertical bars represents the mean±SD ofthe times of occurrence of pulses in relation to the meal and their height illustrates the mean pulse increment above the level of the preceding nadir.
After breakfast, 1.8+0.2 and 1.9±0.2 secretory pulses were identified in the normal volunteers and obese subjects, respectively. Within the 1st hour after breakfast, a significant secretory pulse was identified in all 14 normal volunteers and in 14 of the 15 obese subjects. The peaks of these secretory pulses occurred 42.8±3.4 and 49.3±2.3 min after the meal in the two groups, respectively (P < 0.1), and represented increments in secretion of 442.4±20.6 and 816.6±67.8 pmol/min (P < 0.001). 7 of the 14 normal controls and 8 of the 15 obese subjects had a second secretory pulse which began in the 2nd hour after breakfast. The timing of this secondary postbreakfast peak did not differ between normal and obese subjects but its mean increment tended to be larger in obese patients (233.9±66.0 pmol/min vs. 86.4±14.4 pmol/min, P < 0.06). In Fig. 4 , multiple insulin secretory also identified after lunch and dinner. After these i four pulses ofinsulin secretion were observed in bo subjects. In the 5-h time interval between lunch ani average of 2.5±0.3 and 2.7±0.2 secretory pulses were identiNormal fied in the normal and obese subjects, respectively. In the 5 h after dinner, 2.6±0.2 and 2.7±0.2 pulses were observed in the two groups, respectively. In the obese subjects, the times of occurrence of the pulses were not significantly different from normal, but as shown in Fig. 4 , the pulses were significantly larger by multivariate analysis of variance (Hotelling-Lawley Trace statistic, P < 0.003).
The frequency distribution of the pulses that occurred in relation to meals is shown in the lower panel of Fig, 4 . After 120 180 240 DINNER breakfast, the most prevalent pattern was that oftwo postmeal pulses in both groups of subjects. After lunch and dinner, the most prevalent pattern was that of three postmeal pulses in Obese both normal and obese subjects. After breakfast, 86% of the subjects had no more than two secretory pulses. After either lunch or dinner, only 50% of the subjects had two pulses or less. The differences in the postmeal response after breakfast, on the one hand, and lunch and dinner, on the other hand, were statistically significant (Chi square test, P < 0.05).
Pulses of insulin secretion that did not appear to be meal related were also identified. Between 2300 and 0600 and in the 3 h before breakfast (0600 to 0900), on average 3.9±0.3 secretory pulses were present in both the normal and obese subjects. 9 During this period as well, pulse amplitude was significantly greater in the obese (85±14 pmol/min) than in the normal 140 I2l I subjects (31±24 pmol/min, P < 0.001). Thus, over the 24-h DINNER period of observation, a total of 11.1±0.5 pulses were identified in the normal subjects and 11.9±0.6 in the obese group.
O Normal
The mean time of recurrence of insulin pulses appeared to be O Obese shorter during the 14-h postmeal period (normals, 123±9 min; obese, 110±7 min) than during the 10-h interval without secretory stimuli (normals, 172+17 min, P < 0.01; obese, 170±14 min, P < 0.005).
In the normal subjects, 87±3% of postmeal pulses in insulin secretion but only 47±8% of non-meal related pulses were Recently, biosynthetic human C-peptide, identical in structure n'he width of to pancreatic human C-peptide, has become available for use heae widthof in human studies (2 (2) . In the present study, we have used this technique to define in detail the dynamics of insulin secretion after a mixed meal at breakbese subjects, fast, lunch, and dinner in normal and obese subjects.
g in the 3rd
This approach has allowed a number of important quantiveen normal tative and qualitative aspects of insulin secretion to be defined. Ifthese addiFirst, insulin secretion is oscillatory, with pulses of secretion tistically sigbeing detected both in response to meals and in the absence of secretory stimuli. In normal subjects, the most prevalent patpulses were tern of postmeal insulin secretion consisted of a damped oscilmeals, up to lation with two pulses after breakfast, and three pulses after ith groups of both lunch and dinner. Insulin pulses were less frequent and
Ld dinner, an occurred less regularly in the absence of secretory stimuli.
These postmeal oscillations could reflect an ongoing oscillation of basal secretion, which is amplified by meal stimulation. Differences in pulse frequency between the postmeal period and the time interval without secretory stimuli would then reflect our inability to detect very small secretory pulses in the basal period. Evidence supporting this view has been recently provided by a study showing large sustained oscillations of plasma insulin in normal men during continuous enteral nutrition (13) . The biphasic patterns of plasma insulin, C-peptide, and glucose levels observed by Robbins et al. (12) in response to an early lunch (11:30) of mixed composition given to normal volunteers probably also reflect an oscillatory secretory response. Thus, a complex frequency spectrum appears to characterize beta cell function, including the well-known rapid pulsations in the 10-14-min range (14) (15) (16) and the slower oscillations with ultradian periods in the range of 1-3 h presented here. Synchronous glucose oscillations were clearly associated with postmeal pulses of insulin secretion. The much lower concomitancy rate observed under nonstimulated conditions could reflect random associations, or, again, the limit of sensitivity of the pulse identification technique. At any rate, in this as well as in other studies (12, 14, 16) , the close temporal association between pulses of insulin secretion and of blood glucose levels clearly indicates that the postmeal oscillations are characteristic of the insulin-glucose regulatory mechanisms.
The present study has also provided evidence that the beta cell response to mixed meal ingestion may be influenced by the time of day when the meal is presented. Thus, the same quantity of insulin was secreted in response to breakfast, lunch, and dinner despite the fact that half the number of calories were consumed at breakfast as at the other two meals. Studies are currently under way in our laboratory to determine ifthe greater insulin secretory response in relation to the number of calories after breakfast is due to a circadian variation in the responsiveness of the beta cell to meal ingestion, or to diurnal differences in insulin sensitivity, or whether it relates to the longer period of fasting before breakfast.
Under basal conditions and in response to meals, insulin secretion rates are increased in obesity. However, the pattern of insulin secretion was found to be qualitatively normal in a number of important respects. Thus, basal insulin secretion represented -50% of 24-h insulin production in both obese and normal subjects. Note that these relative proportions of basal and postmeal secretion are in close agreement with empiric observations using either the artificial endocrine pancreas, or continuous subcutaneous insulin infusion via the insulin pump, which have found that the delivery of -50% of the total daily insulin dose as a constant basal infusion and -50% as premeal boluses, most closely approximates the normal situation (17) (18) (19) (20) . The persistence of a normal relationship between basal and meal-stimulated insulin secretion in obesity was clearly apparent when the secretion rates were expressed as a percentage of the basal secretion. This procedure yielded 24-h patterns of insulin secretion that were virtually superimposable (Fig. 2, bottom) , with the exception that insulin secretion failed to return to baseline between meals in the obese subjects. These findings suggest that, in obesity, the increase in insulin secretion is not due to a hyperresponsiveness to secretory stimuli.
Finally, the temporal organization of insulin secretory pulses and their association with fluctuations of blood glucose were, in every respect, similar in obesity, with the only consistent difference being that the pulses were larger than in normals. Taken together, these observations indicate that insulin secretion is normally pulsatile under basal conditions and after meals. In obesity, the dynamics of insulin secretion are largely unaltered, which suggests that the observed increase in secretion rates results from excessive insulin output from an abnormally large functional beta cell mass, but that normal regulatory mechanisms are still operative.
